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Abstract
Illegal hunting (poaching) is a global threat to wildlife. Anti-poaching initiatives are making
increasing use of technology, such as infrared thermography (IRT), to support traditional
foot and vehicle patrols. To date, the effectiveness of IRT for poacher location has not been
tested under field conditions, where thermal signatures are often complex. Here, we test the
hypothesis that IRT will increase the distance over which a poacher hiding in African scrub
bushveldt can be detected relative to a conventional flashlight. We also test whether any
increase in effectiveness is related to the cost and complexity of the equipment by compar-
ing comparatively expensive (22000 USD) and relatively inexpensive (2000 USD) IRT
devices. To test these hypotheses we employ a controlled, fully randomised, double-blind
procedure to find a poacher in nocturnal field conditions in African bushveldt. Each of our 27
volunteer observers walked three times along a pathway using one detection technology on
each pass in randomised order. They searched a prescribed search area of bushveldt
within which the target was hiding. Hiding locations were pre-determined, randomised, and
changed with each pass. Distances of first detection and positive detection were noted. All
technologies could be used to detect the target. Average first detection distance for flash-
light was 37.3m, improving by 19.8m to 57.1m using LIRT and by a further 11.2m to 68.3m
using HIRT. Although detection distances were significantly greater for both IRTs compared
to flashlight, there was no significant difference between LIRT and HIRT. False detection
rates were low and there was no significant association between technology and accuracy
of detection. Although IRT technology should ideally be tested in the specific environment
intended before significant investment is made, we conclude that IRT technology is promis-
ing for anti-poaching patrols and that for this purpose low cost IRT units are as effective as
units ten times more expensive.
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Introduction
Illegal hunting is a major wildlife problem in many regions of the world. A key driver of illegal
hunting (hereafter referred to as poaching) is increasing urban expansion, which causes human
encroachment of wildlife areas, elevated pressure on natural resources, and an increasing
demand for bushmeat [1–2]. Subsistence hunting, where animals are taken to satisfy immedi-
ate local demand for food, still exists, but poaching is increasingly undertaken to supply more
commercially-organised demand for bushmeat [3]. This demand is both within the country of
origin and, increasingly, internationally (e.g., an estimated five tonnes per week is imported
into Paris, from where it is distributed to other sites across Europe [4]).
Despite a worrying increase in the international bushmeat trade, poaching becomes far
more overtly commercialised, and normally far more unsustainable, when animals are killed
for hunted commodities other than meat [5]. Well-known international examples are tigers [6]
and sun bears [7] illegally hunted for use in traditional medicines, alligators and crocodiles that
are poached for skins [8], and the capture of live individuals of many species, especially reptiles,
monkeys, and exotic birds, for the pet trade [9]. Commercial poaching of many iconic mam-
mals within Africa has been substantial and is increasing in some cases. For example, African
elephants are still killed for the illegal ivory trade [10–12], while endangered pangolins are sub-
ject to extreme poaching pressure for their scales [13–14]. There has also been an enormous
rise in the amount of rhinoceros (white and black) poaching in recent years. The African black
rhino is listed as critically endangered by the IUCN with the global population declining by
96% in the 35 years between 1970 and 1992, and has become extirpated in large parts of its for-
mer range, with one sub-species, Diceros bicornis longipes, now extinct [15]. Overall, the poach-
ing of such animals for tusks, scales, horns and other commodities supply illegal–but highly
lucrative–international markets with strong links to illegal trade (i.e. trade outside CITES) and
organised crime [16–18]. Consequently, poaching is a significant problem both for long-term
sustainability of animal populations and for those trying to control it.
Record levels of funding are being invested in anti-poaching measures as part of the “war on
poaching” [19]. The type of anti-poaching measures undertaken, and their effectiveness, varies
greatly with local conditions, traditions, laws, and resource availability. Foot and vehicle patrols
are still the most commonly used anti-poaching methods, acting as a deterrent as well as help-
ing to catch poachers. Recently, however, more technological solutions have been sought to
complement these patrols and improve both detection and deterrence. This includes the use of
unmanned aerial vehicles (UAVs, or drones), which have been tested for anti-poaching con-
trols for rhinoceros in South Africa [20]. Such technology has had some promising results but
there are important logistical limitations (including battery life) and, critically, financial con-
straints. Another approach involves camera trapping, but while arrests of poachers have been
made using evidence from camera trap footage, such technology is not generally preventative
[21]. In 2014, Banzi et al. proposed the use of large animals, such as elephants, as mobile bio-
logical sensors (MBS). The animals act as platforms for sensory technology that include visual
and infrared cameras and GPS, which allows movements to be monitored and information
regarding classic panic movement to be fed back to rangers [22]. This method, however, is
costly and has practical issues–fitting the sensors requires training and batteries require chang-
ing–both of which cause disruption to animals and risk to rangers. One of the most promising
technologies that could be used to complement anti-poaching patrols is thermal imaging. Ther-
mal imaging is a particularly promising possibility as the technology can be used on traditional
foot and vehicle patrols and is useful for both detecting poachers (including at night) and for
monitoring potential animal targets.
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Thermal imaging, or infrared thermography (IRT), is an imaging technology that can
remotely sense the temperature of objects (including animals) with a sensor sensitive to infra-
red wavelengths that are emitted and reflected from that object. Such technology has found
many uses in biological and ecological studies [23] including detecting nocturnal, cryptic and
burrowing species [24–25], surveying and monitoring mammals and birds [26], detecting inju-
ries and infectious diseases [27], studying plant physiological processes [28] and in studies of
reproductive biology [29]. IRT is especially useful for detecting mammals because individuals
are typically warmer (sometimes considerably so) than their surroundings, often allowing
them to be readily detected even in complete darkness [30–31]. As a mammal, humans also
provide a strong thermal signature, although this can be masked with insulating clothing.
Accordingly, many military and police applications of IRT have been developed, for example,
detecting the exact locations of people in dangerous or covert situations and studying the
movement and behaviour of suspects and captives in hostage situations [32]. Thermal imaging
is a potentially attractive anti-poaching technique since much poaching activity, including set-
ting/checking snares and hunting with dogs, occurs at night, which makes detecting poachers
especially difficult and dangerous.
Increasing commercial interest in IRT, especially for surveying buildings, and a growing
awareness of the range of other potential uses of the technology have led to the development of
small but sensitive handheld devices (resembling police radar guns or large digital cameras)
[32] with a concomitant decrease in price. Expensive, UAV-mounted IRT devices have already
been used in anti-poaching campaigns (e.g. [20]), but the smaller size, ruggedness, ease of use,
and lower price of recently-developed handheld devices suggest that IRT technology is within
the grasp of smaller wildlife reserve and game farm management teams for foot patrols. That
said, IRT technology is unlikely to be a single solution to the problem of detecting human
intruders. Many habitats where poaching is a significant problem are likely to be thermally
complex, and the heat signature given off by a human, even if not masked by posture or cloth-
ing, could be difficult to detect in field conditions.
Given that IRT is still relatively expensive, its effectiveness in detecting poachers in realistic
field conditions needs to be tested before its adoption as an anti-poaching measure can be rec-
ommended. Here, we test the hypotheses that: 1) the use of IRT will increase the distance over
which a poacher hiding in African scrub bushveldt can be detected relative to a conventional
flashlight; and, 2) any increase in effectiveness is related to the cost and complexity of the
equipment by comparing comparatively expensive (22000 USD) and relatively inexpensive
(2000 USD) IRT devices.
Methods
The study was undertaken in May 2014 at the Mankwe Wildlife Reserve, a 4750 ha privately-
owned reserve situated in the North West Province of South Africa (centred on S 25.24963; E
27.32148), approximately 5km east of Pilanesberg National Park. The reserve is managed by
two of the co-authors (LM and DM) and the work undertaken required no permits and did not
include the sampling of any species, protected or otherwise. The reserve hosts a range of species
including numerous large mammals. Subsistence and bushmeat poaching, as well as poaching
of rhino for their horn as part of an organised crime network, is an on-going and increasing
problem. Frequent foot patrols and fence drives, together with skilled trackers on the ground,
are the principles of the current anti-poaching strategy. As most poaching at Mankwe takes
place at night during a full moon (pers. comm. L and DMactavish (co-authors)) the fieldwork
study period was selected to coincide with these conditions.
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IRT devices and optimisation
To test the effectiveness of high and low priced IRT devices, a FLIR T620 (ca. 22000 USD) and
a FLIR i7 (2000 USD) were used. These devices, and alternative devices that are similar in spec-
ification, are widely used in a range of biological applications that include surveying nocturnal
mammals [33]. The FLIR T620 had a resolution of 640X480 pixels with a 30 Hz infrared detec-
tor. The measurable temperature range was -40 to 650°C with a thermal sensitivity of 0.04°C.
The FLIR i7 had a resolution of 140X140 pixels with a 9 Hz infrared detector. The measurable
temperature range was 20 to 250°C with a thermal sensitivity of 0.1°C.
A pilot study showed that both devices were capable of detecting mammals, including
clothed humans, as hot spots in African bushveldt field conditions. Both IRT devices were opti-
mised for detection of humans. The FLIR i7 was set to a monochrome colour palette and an
isotherm was set at 8°C above the temperature of the surrounding bush, such that anything
above this temperature showed up onscreen as red. The FLIR T620 was set to lava colour pal-
ette with an isotherm set at the same temperature as on the i7; in this case anything above the
isotherm temperature appeared on-screen as green. The colour palettes were chosen from the
range available following a pilot study and were selected to show a human as clearly as possible
at similar distance ranges to those used in the main study, as judged by the authors (note that
the i7 did not have the lava colour palette). The actual setting of the isotherm varied between
and within nights according to local temperature changes, but was always between 12°C and
17°C. The pilot study showed that setting the isotherm8°C resulted in rocks appearing as
hotspots, while setting it8°C resulted in humans becoming less visible as only faces were
warm enough to show up (other areas of skin being covered with clothing).
Study design
Searching for poachers at night and on foot is dangerous and slow. On the study site, such a
search would only be undertaken if there was good reason to suspect a poacher was in a partic-
ular location. To simulate this situation, the study design employed a target poacher (hence-
forth referred to simply as target) hidden in a defined search area, with informed searchers
looking for the target within that area.
An adult male (co-author RNR) was selected to be the target for the duration of the study.
His participation in this aspect of the study was entirely voluntary and his authorship indicates
full informed consent. He was dressed in full length, dark bush-coloured, clothing and wore a
green hat. The target’s clothing was selected to be similar to that typically worn by poachers in
the study location and the authenticity of the target’s appearance was confirmed by authors D
and L MacTavish who are experienced in anti-poaching management in the study location.
To set a sensible detection distance, a series of photographs was taken at 10m intervals of
the target standing in grassland (mean sward height of 1 m) using the FLIR T620 IRT two
hours after sunset. This showed that it was possible for an experienced user to detect the
poacher at 80m. Accordingly, a transect of 120m was marked out along a straight track. There
were five target locations in the bush on one side of the transect. All locations were a perpen-
dicular distance of 20m from the transect, at points 120m, 110m, 100m, 87m, and 74m along
the transect. The distance between any point along the track and each hiding location could be
calculated trigonometrically based on the distance travelled from the start point with all hiding
locations being at least 77m from the start point.
The study area was representative medium density grassland dominated by, in order of
abundance, broad curly leaf (Eragrostis rigidor), spear grass (Heteropogon contortus), common
finger grass (Digitaria eriantha), cat’s tail (Perotis patens), natal red top (Melinis repens), wool
grass (Anthephora pubescens) with a mean sward height of 0.8m and was approximately level
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topographically, with a low density (2–3 per square metre) of small (<20cm diameter) stone
scattered more or less evenly over the surface. The overall area of the study (and therefore the
distance to the target) was constrained by the physical environment.
Data collection
The target was supplied with a list of random integer numbers generated using Microsoft Excel
with a minimum value of 1 and a maximum value of 5; each number corresponded to a hiding
location. Each number was different from the last to ensure that the target had to relocate after
each approach by an observer. To mimic typical poacher behaviour, the target was instructed
to assume a crouched position during the trial and to avoid any movement or making any
noise.
Over successive nights, a total of 27 observers participated in the study. Observers were sec-
ond year biology undergraduates participating in a field course at the study site. Observers
were all volunteers, who were fully briefed beforehand and who all gave informed verbal con-
sent to authors AH, AG and RR before undertaking the study. All observers were over 18, not
vulnerable adults and the procedure was solely observational with no interventions. Conse-
quently, following the gatekeeper procedure of the University of Gloucestershire’s Ethics Panel,
the study did not require formal ethical clearance. However, ethical clearance was obtained
through the Chair of the University’s Research Ethic Committee. Observers took part on their
own (i.e. not in teams) and were asked not to pass on any information about the study or
experimental set-up to others. Each observer was walked to the study site without artificial
light to allow their vision to adapt to the darkness (the walk and any waiting in the field prior
to data collection starting took less than 20 minutes in all cases). Once at the start of the study
site, each observer walked slowly down the approach path. Observers made three such walks in
total each using a different method of detecting the poacher: (1) light from a very powerful
flashlight (Model X21, LED Lenser, 1068 lumen power and 500m beam), (2) FLIR i7 low-speci-
fication IRT (hereafter LIRT); and (3) FLIR T620 high-specification IRT (hereafter HIRT) (Fig
1). The order of each of the three trials for each observer was randomised and the position of
the target was also changed randomly (as described above) following each trial. As they walked
down the approach path searching for the target, observers were required to indicate to one of
the research team (SD, co-author, who was following the observer at a distance of a few metres
and illuminating their path with a low power flashlight for safety) when they first thought they
saw the target and to indicate the location by pointing. Then, following an identical search pro-
cedure, each observer continued walking (without assuming they were correct in their first
location) until they were positive that they saw the target. In both cases, the distance along the
approach path was noted by the accompanying member of the research team. The observer
then indicated where they thought the poacher was and the poacher stood up so that the accu-
racy of the observer’s first and positive detections could be verified. This was a double-blind
protocol, with only the target having location knowledge. Neither the observer, nor any mem-
ber of the research team, knew where the target was at any point during the study.
Before each observer took part in the research, they were all complete novices with using
IRT equipment. They were provided with very basic training in the use of the two IR devices
(covering how to hold the device and what the colour screen showed when a hotpoint was
detected). If observers used glasses or contact lenses for long range vision then they were
required to use them for the study. They were also given a short and standardised oral briefing
on the procedure for approaching study site and searching for the target:
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“There is a “poacher” hidden somewhere to the left of the track. Starting at this start point,
which is marked with two flags and where we are currently standing, walk straight ahead
while looking for the poacher to the left of the track using whatever device you have been
allocated. Always walk on the track. You will be accompanied by a researcher throughout
and when you first think you see the poacher, you should stop and inform that researcher
where you think the poacher is. Then continue walking along the track, looking in the same
Fig 1. View of poacher from 20m in field study area at hiding location 1: (a-b) illumination by an LED flashlight (technology 1) captured with
standard digital SLR camera (Canon 7D) mounted on a tripod with a 30 s exposure to replicate, as nearly as possible, what was visible to
observers with the naked eye (poacher location is indicated with a white arrow); (c-d) images from low-specification infrared thermography device
(Flir i7; technology 2); (e-f) images from high-specification infrared thermography device (Flir T620; technology 3). In all cases, the images on the left
are with the poacher standing up so location can be seen more clearly and the images on the right are with the poacher hiding in the crouched position that
was adopted for all trials. IRT settings were as per methods and all IRT images shown are as they appeared on the IRT device in the field (a bush camp and
powerlines are also visible in all images).
doi:10.1371/journal.pone.0131584.g001
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direction as previously. When you are absolutely positive that you can see the poacher, you
should stop and inform the researcher, indicating exactly where you think the poacher is.”
Trials started 1–2 hours after sunset across three two-hour periods on three consecutive
nights to control as far as possible for changes in moonlight (full moon was on the second
night). After each observer’s three trials were completed, the distance between the point at
which the observer detected the poacher as a first detection and the point at which the observer
detected the poacher as a positive detection were calculated. This used the linear distance along
the approach path (recorded as above) and the known distance between the hiding point used
for that trial once this was revealed by the target and was calculated using trigonometry. These
detection distances were calculated for each of the three trials for each observer. Each observer
was then also separately tested for visual acuity (using a standard Landolt C Visual Acuity
chart positioned at 4m in shaded daylight) and for colour blindness (using a set of Isihara col-
our palettes).
Data analysis
To establish whether there was an association in the number of correct versus incorrect identi-
fications of the target’s location according to technology type, two separate 3X3 chi square
goodness of fit tests were conducted. In both cases, there were three test conditions (flashlight,
LIRT, HIRT) and three possible outcomes (target location correctly identified, target location
incorrectly identified, observer failed to see or identify the target at any time in the trial). The
first test used the detection accuracy data from the point at which the observers first thought
they saw the target, while the second test used data from the point at which the observer said
they were positive they saw target. Then, to analyse whether there was a statistically significant
difference in detection distances for all cases when target location had been identified correctly,
a two-way repeated measures ANOVA was undertaken on the repeated measurements of
poacher location. The two fixed factors were: (1) detection type (two levels–first detection and
positive detection); and (2) technology type (three levels–flashlight, LIRT, HIRT). The interac-
tion term was also calculated, and the Greenhouse-Geisser correction was used to compensate
for the lack of sphericity in the dataset. Bonferroni post-hoc testing was undertaken to establish
the pairwise differences in detection distances for the three different technology types (flash-
light, LIRT, HIRT). This allowed for family-wise errors due to multiple tests being performed
on the same dataset. The Bonferroni-adjusted critical significance level was α = 0.05. Using a
repeated measures framework allowed for inter-individual differences in ability to locate the
poacher, speed of walking, and so on, thereby increasing the robustness of the analysis.
Despite careful study design and analysis, it remained possible that the ease with which the
poacher could be seen was not consistent between the five target locations (for example, if the
locations themselves differed slightly in vegetation around the hiding site and along the line of
sight between the hiding site and locations on the approach path). This could confound the
results if, by chance, there was a bias in which of the five hiding locations corresponded most
often with trials using one specific technology (i.e. if it was relatively easier to see the target at
hiding location 1, and this location was, by chance, over-represented for HIRT, that could arti-
ficially inflate the apparent effectiveness of HIRT). Accordingly, to test whether there was a dif-
ference in detection distance between the hiding locations for each of the three technology
types, three one-way ANOVAs were conducted with detection distance as the dependent vari-
able and hiding locations as the independent variable. All data were analysed using SPSS v21
and α = 0.05 was used as the critical significance value in all analyses. All relevant data are
within the paper and its Supporting Information files.
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Results
Hiding location differences
Based on a critical significance of α = 0.05, no significant differences in detection difference
between the five different hiding locations for any of the three technologies were found (one-
way ANOVA: flashlight F = 1.151, P = 0.346; LIRT F = 1.554, P = 0.204; HIRT F = 1.050;
P = 0.406; d.f. = 4 in all cases; given the non-significant results for the full models, post-hoc
testing was not undertaken). This indicates that different hiding locations were very similar
with regards to the ease of detecting the poacher, and that any random underlying associations
between hiding location and technology type would not have confounded results.
Accuracy of poacher detection
Generally, target location was identified accurately using all three technologies. Overall, accu-
racy of correct detections (i.e. the percentage of correct first and correct positive detections
across all trials for all observers) was 86.9%, with each technology having high accuracy of
detection (83.9% accuracy with a flashlight, 87.5% with LIRT, and 89.3% with HIRT). Occa-
sions where the target’s location was not identified correctly were split approximately equally
between trials where the location was not identified at all (7.7%) and trials where it was identi-
fied incorrectly (5.4%) (Fig 2). Across all observers and all trials accuracy was slightly better for
positive detections (88%) than for first detections (85%). There was no significant association
between the accuracy of detecting the target and technology type for either first detection (Fig
2A; chi square test for association: χ2 = 3.680, d.f. = 4, P = 0.451) or positive detection (Fig 2B;
χ
2 = 1.560, d.f. = 4, P = 0.822). These results suggest that the type of technology used does not
affect the accuracy of detection of poachers.
Detection differences
For both first and positive detections, mean distance for correct detection were lowest (i.e.
observers had to get closest to the target) for the flashlight (first detection = 37.3m ± 2.4m
SEM; positive detection mean = 35.4m ± 2.4m SEM). Correct detection was possible at further
distance when the LIRT was used (first detection mean = 57.1m ± 2.9m SEM; positive detection
mean = 50.3m ± 2.4m SEM) and further still when the HIRT was used (first detection
mean = 68.3 ± 3.2 SEM; positive detection mean = 62.9 ± 2.2 SEM) (Fig 3). Detection distances
were influenced significantly both by technology type (flashlight, LIRT, HIRT) and detection
type (first versus positive) when analysed using a repeated measure ANOVA to allow for inter-
individual differences. The interaction between technology type and detection type was also
significant (Table 1). In terms of technology type, Bonferroni post-hoc testing showed that
both first and positive detection distances were significantly better for both IRT devices relative
to flashlight light, but the IRT devices themselves did not differ (Table 1). In terms of the detec-
tion type the distance between the observer and the target was significantly greater at the point
of first detection than at the point of positive detection (Table 1). Interestingly, though, the
magnitude of the difference in detection distances between first and positive identification var-
ied between technology types, which is why the interaction term was significant. This signifi-
cant interaction arose because there was very little difference in the detection distances for first
and positive target detection when using a flashlight (mean difference = 1.9m + 0.9m SEM),
which suggests that observers using a flashlight did not get much of an early warning of
poacher location. For both IRT technologies, however, the point of positive detection was, on
average, 6.2m ± 1.4m SEM for LIRT and 5.7m ± 1.5m SEM for HRT nearer to the target than
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the point of first detection, such that using an IRT gave an earlier warning of possible poacher
presence than did a flashlight.
Discussion
We found support for the hypothesis that thermal imaging has a clear advantage over a flash-
light in terms of the distance at which the target could be detected. Overall, HIRT added 11.2m
to mean first detection distance of LIRT, which gave a 19.8m advantage over a flashlight. This
meant that detection distances almost doubled using HIRT relative to traditional flashlight
technology. Though both IRT devices were capable of detecting the poacher at significantly
greater distances than a flashlight, we found no evidence to support the hypothesis that more
expensive equipment would provide a greater detection distance. We found that there was no
statistically significant difference in detection distance between LIRT and HIRT. Furthermore,
the accuracy of all devices was not significantly different, in other words although a flashlight
user may need to be far closer to a target than an IRT user, both users can be equally confident
Fig 2. Accuracy of identifying poacher location using different technologies: (a) accuracy at first
detection; (b) accuracy at positive detection.
doi:10.1371/journal.pone.0131584.g002
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that a positive detection really is a poacher. IRT technology will not likely replace flashlights,
but the increase in range of detection could prove to be invaluable for many game reserves.
Previous studies have investigated the use of thermal imaging cameras as a tool for anti-
poaching by either mounting them on to unmanned aerial vehicles (UAVs) [20] or deploying
them on weather balloons [34]. Although both methods are feasible, they have major limita-
tions. Firstly, UAVs are constrained by short flight times (typically 30–40 minutes) and local
Fig 3. Mean distance (m) for accurate detection of poacher location using different technologies: (a)
distance between observer and poacher at first detection; (b) distance between observer and poacher
at positive detection. Error bars represent standard error.
doi:10.1371/journal.pone.0131584.g003
Table 1. Repeatedmeasures ANOVA on detection differences for a poacher in South African bushveldt using three different technologies (SSM,
SSE and SST = Sum of Squares for Model, Error and Total respectively).
ANOVA Term F d.f. P SSM SSE Partial
R2
Details
Detection type (ﬁrst versus positive
detection)
17.122 1 0.001 635 659 0.031 Distance between observer and poacher smaller for positive
detection than tentative
Technology type (torch versus
LIRT versus HIRT)
25.725 1.952 <0.001 14006 4906 0.681 Post-hoc: torch vs LIRT and torch vs HIRT <0.001; LIRT vs
HIRT = 0.228
Interaction 5.436 1.916 0.010 102 272 0.005 Smaller difference between positive and ﬁrst detection
differences for torch than LIRT/HIRT
Partial R2 calculated as SSM/ SST. The Greenhouse-Geisser correction was used to compensate for the lack of sphericity. Consequently, degrees of
freedom are calculated by multiplying the actual degrees of freedom by the estimate of sphercity. Overall model: SST = 20580; R
2 = 0.716.
doi:10.1371/journal.pone.0131584.t001
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aviation regulations. Secondly, the presence of obstacles such as power lines might cause prob-
lems, especially at night where visibility is limited. Thirdly, the effectiveness of cameras
mounted on UAVs is limited by altitude. An altitude of 100-180m has been suggested [20] for
suitable detection of poachers, but flying this low incurs greater risks of the plane being
detected from the ground and potentially disrupting animals. The proposed system by Tan
et al. (2013) [34] involves deploying weather balloons fitted with IRT and that are able to alert
rangers when a threat is detected. Weather balloons can be flown for up to 12 hrs, however,
once again the on-board IRT technology is most optimal at an altitude of 150m or less, which
would allow poachers to detect them easily from the ground. Ol Pejeta, a Kenyan wildlife
reserve, has already put IRT technology to use through a UAV-mounted device. The device
costs 70,000 USD and is fitted with a live streaming high definition camera that has a high
powered zoom for daytime and infrared thermal imaging for night-time operations. The UAV
covers 50 miles in 1.5 hr and is flown 3–4 times per day. This acts as a deterrent to poachers
[34], but is extremely costly and behind the financial reach for small reserves. Moreover, with
any remote option, patrols may require considerable time to reach the suspected poaching
location after being alerted. Given that the HIRT did not give a significant increase in detection
distance over the LIRT yet costs over ten times the price, the HLRT would not seem to be justi-
fied solely because of detection performance for anti-poaching patrols. This study suggests that
game reserves would be better (or at least, no worse) to opt for the LIRT on the basis of cost
alone if they were to invest in IRT technology for use by foot patrols for detecting poachers.
Additionally, feedback from users in this study indicated that the LIRT was easier to use in
field conditions because of its lighter weight, ergonomic design and simplified screen output.
However, a drawback of both handheld IRT devices was also highlighted by the study: several
users noticed that the IRT screen seriously disrupted night vision and could cause the user to
become disoriented and cause stumbling as the user could no longer clearly see the approach
path. It might, however, be possible to reduce this problem using a red filter over the display. It
was also noted by the target that the IRT screen has the effect of making the illuminated user’s
face visible to poachers, although a flashlight beam may be visible to poachers at a greater
distance.
This study suggests that IRT could benefit wildlife reserves for detecting poachers in situ.
However, reserves would be prudent to analyse the increase in poacher prevention/control in
their specific environment before investing in this technology. For example, this study shows
that IRT is highly effective in grassland, but in areas with extensive thick scrub it might not be
so effective. It may also be possible for poachers to evade detection by adopting certain hiding
positions or wearing certain clothing, and learning to avoid thermal detection would compro-
mise IRT as a search tool. The potential problem false positives should also be considered in
different environments, especially those with objects likely to have a strong thermal image that
could be confused for a poacher, for example, a rocky environment. Furthermore, we have only
tested an albeit realistic scenario where searchers are aware of the general target location, but
the usefulness or otherwise of using IRT to scan larger areas as part of a vehicle patrol needs to
be tested under realistic field conditions. However, even in more complex environments it is
likely that IRT would provide enough of an advantage to make it a worthwhile investment.
Reserves considering IRT might be best to invest in a number of less expensive IRT units, with
multiple units distributed among series of patrols.
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S1 Table. Accuracy and detection distances. The distances along the transect at which sub-
jects detected the hidden target “poacher” (both first, preliminary, detection and positive detec-
tion) for all subjects using flashlight, LIRT and HIRT. The target’s location is used to
trigonometrically calculate the actual detection distance from the detection distance along the
transect. The accuracy of detection is also given (0 = wrong; 1 = correct).
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Acknowledgments
The authors thank the two anonymous reviewers and the editor for their useful comments.
They also acknowledge the enthusiasm and forbearance of the members of the South Africa
Field Course of the University of Gloucestershire, without which this study would not have
been possible. Finally, the authors thank Devi and Woody for their vigilance.
Author Contributions
Conceived and designed the experiments: AGH AEG RNR HS. Performed the experiments:
AGH AEG RNR SD LMDM. Analyzed the data: AGH AEG RNR SD. Contributed reagents/
materials/analysis tools: HS. Wrote the paper: AGH AEG RNR SD HS LM DM.
References
1. Kamins A, Restif O, Ntiamoa-Baidu Y, Suu-Ire R, Hayman D, Cunningham A et al. (2011) Uncovering
the fruit bat bushmeat commodity chain and the true extent of fruit bat hunting in Ghana, West Africa.
Biol Cons 144: 3000–3008.
2. Festus IA, Omoboye IF (2014) Bushmeat Hunting: A Challenge to Sustainable Ecotourism. Research
on Humanities and Social Sciences 4: 13–20.
3. Lindsey PA, Balme G, Becker M, Begg C, Bento C, Bocchino C et al. (2013) The bushmeat trade in Afri-
can savannas: Impacts, drivers, and possible solutions. Biol Cons 160: 80–96.
4. Chaber AL, Allebone‐Webb S, Lignereux Y, Cunningham AA, Marcus Rowcliffe J. (2010) The scale of
illegal meat importation from Africa to Europe via Paris. Conserv Lett 3: 317–321.
5. Bowen-Jones E, Brown D, Robinson E (2002) Assessment of the solution-orientated research needed
to promote a more sustainable bushmeat trade in Central andWest Africa. DEFRA. Available at: http://
dspace.africaportal.org/jspui/bitstream/123456789/22615/1/Assessment%20of%20the%20Solution%
20orientated%20Research%20Needed%20to%20Promote%20a%20More%20Sustainable%
20Bushmeat%20Trade%20in%20Central%20and%20West%20Africa.pdf?1 Accessed: 25/07/2014
6. Lee J (1995) Poachers, Tigers, and Bears. . .OhMy—Asia's Illegal Wildlife Trade. Nw. J. Int'l L. & Bus
16: 497.
7. Servheen C, Darling LM, Archibald WR (1990) The status and conservation of the bears of the world.
Int Conf. Bear Res. and Manage. Monogr. Series No. 2: 33.
8. Hutton J, Webb G (2002) Crocodiles: Proceedings of the 16th Working Meeting of the Crocodile Spe-
cialist Group. Wilderness Environ Med 16:143–159.
9. Drews C (2001) Wild animals and other pets kept in Costa Rican households: Incidence, species, and
numbers. Soc Anim 9: 107–126.
10. Maisels F, Strindberg S, Blake S, Wittemyer G, Hart J, Williamson EA et al. (2013) Devastating decline
of forest elephants in Central Africa. PLoS One 8: e59469. doi: 10.1371/journal.pone.0059469 PMID:
23469289
11. Stiles D (2011) Elephant meat trade in Central Africa: summary report. IUCN. Available at: http://
cmsdata.iucn.org/downloads/ssc_op_045.pdf Accessed: 20/7/2014.
12. Stiles D (2004) The ivory trade and elephant conservation. Environ Conserv 31: 309–321.
13. Mahmood T, Hussain R, Irshad N, Akrim F, Sajid M (2012) Illegal mass killing of Indian pangolin (Manis
crassicaudata) in Potohar region, Pakistan. Pakistan J. Zool, 44: 1457–1461.
14. Katuwal HB, Khanal B, Basnet K, Rai B, Devkota S, Rai SK et al. (2013) The mammalian fauna from
the Central Himalaya, Nepal. Asian J. Conserv. Biol. 2: 21–29.
Testing Handheld Thermal Imaging for Poacher Detection
PLOS ONE | DOI:10.1371/journal.pone.0131584 June 25, 2015 12 / 13
15. Emslie R, Brooks M (1999) Status survey and conservation action plan: African Rhino. IUCN/SSC
Rhino specialist group, IUCN Available at: https://portals.iucn.org/library/efiles/documents/1999-049.
pdf Accessed: 20/72014.
16. Gastrow P (2001) Triad societies and Chinese organised crime in South Africa. Institute for Security
Studies South Africa. Available at: http://dspace.africaportal.org/jspui/bitstream/123456789/31288/1/
paper48.pdf?1 Accessed: 21/07/2014.
17. Nijman V, Shepherd CR (2007) Trade in non-native, CITES-listed, wildlife in Asia, as exemplified by the
trade in freshwater turtles and tortoises (Chelonidae) in Thailand. Contrib Zool 76: 207–212.
18. Wyler LS, Sheikh PA (2008) International illegal trade in wildlife: Threats and US policy. CRS Report for
Congress. Available at: file:///C:/Users/Advent/Downloads/ADA486486%20(1).pdf Accessed: 21/07/
2014.
19. Challender DW, MacMillan DC (2014) Poaching is more than an enforcement problem. Conserv Lett
doi: 10.1111/conl.12082
20. Mulero-Pázmány M, Stolper R, van Essen L, Negro JJ, Sassen T (2014) Remotely Piloted Aircraft Sys-
tems as a Rhinoceros Anti-Poaching Tool in Africa. PloS one 9: e83873 doi: 10.1371/journal.pone.
0083873 PMID: 24416177
21. Stein A, Erckie B, Fuller T, Marker L (2010) Camera-trapping as a method for monitoring rhino popula-
tions within theWaterberg Plateau Park, Namibia. Pachyderm 48: 67–70.
22. Banzi J (2014) A Sensor Based Anti-Poaching System in Tanzania National Parks. IJSRES. Available
at: http://www.ijsrp.org/research-paper-0414/ijsrp-p2815.pdf Accessed: 23/07/2014.
23. Allison NL, Destefano S (2006) Equipment and techniques for nocturnal wildlife studies. Wildlife Soc B,
34:1036–1044.
24. Boonstra R, Krebs C, Boutin S, Eadie J (1994) Finding mammals using far-infrared thermal imaging. J
mammal 75: 1063–1068.
25. Hristov NI, Betke M, Kunz TH (2008) Applications of thermal infrared imaging for research in aeroecol-
ogy. Inter Comp Biol 48: 50–59.
26. DunnWC, Donnelly JP, KrausmannWJ (2002) Using thermal infrared sensing to count elk in the south-
western United States. Wildlife Soc B, 30: 963–967.
27. Schaefer A, Cook N, Tessaro S, Deregt D, Desroches G, Dubeski PL et al. (2004) Early detection and
prediction of infection using infrared thermography. Can J Anim Sci 84: 73–80.
28. Sader SA (1986) Analysis of effective radiant temperatures in a Pacific Northwest forest using thermal
infrared multispectral scanner data. Remote Sens Environ 19: 105–115.
29. Sykes D, Couvillion J, Cromiak A, Bowers S, Schenck E, Crenshaw M et al. (2012) The use of digital
infrared thermal imaging to detect estrus in gilts. Theriogenology 78: 147–152. doi: 10.1016/j.
theriogenology.2012.01.030 PMID: 22444552
30. McCafferty D, Moncrieff J, Taylor I, Boddie G. (1998) The use of IR thermography to measure the radia-
tive temperature and heat loss of a barn owl (Tyto alba). J Therm Biol 23: 311–318.
31. Mccafferty DJ. (2007) The value of infrared thermography for research on mammals: previous applica-
tions and future directions. Mammal Rev 37: 207–223.
32. Kaplan H (2007) Practical applications of infrared thermal sensing and imaging equipment. Washing-
ton. SPIE press. p169.
33. Hristov NI, Betke M, Kunz TH (2008) Applications of thermal infrared imaging for research in aeroecol-
ogy. Integr Comp Biol, 48: 50–59. doi: 10.1093/icb/icn053 PMID: 21669772
34. Philip A, How CH, Poh HS, Lee YO, Rishi H, Tan SJ et al. (2013) Aerial surveillance to tackle poaching.
The Skyno project Available: http://www.ee.ic.ac.uk/hemang.rishi12/yr2proj/report.pdf Accessed: 25/
07/2014
Testing Handheld Thermal Imaging for Poacher Detection
PLOS ONE | DOI:10.1371/journal.pone.0131584 June 25, 2015 13 / 13
